A study has been conducted to predict blade erosion of gas turbine engines. The blade material erosion model is based on three dimensional particle trajectory simulation in the three-dimensional turbine flow field. The trajectories provide the special distribution of the particle impact parameters over the blade surface. A semi-empirical erosion model, derived from erosion tests of material samples at different particulate flow conditions, is used in the prediction of blade surface erosion based on the trajectory impact data. To improve the blade erosion resistance and to decrease the blade deterioration, the blades must be coated.
INTRODUCTION
Gas and steam turbines operate in environments where the ingestion of solid particles is inevitable.
In industrial applications and power generation, such as coal-burning boilers, fluidized beds and gas turbines, solid particles are produced during the combustion of heavy oils, synthetic fuels and pulverized coal. In commercial and military aircraft and naval installations, some of the mechanisms Due to their higher inertia, the solid particles deviate from the flow streamlines, impact the blade surfaces and cause severe erosion damage. This damage is manifested by pitting and cutting of the blade leading and trailing edges and an increase in the blade surface roughness. The overall effects of the above phenomena are to increase the pressure loss and to change the blade geomefry. Continued operation under particulate flow conditions adversely affects the performance of the engines, as well as their lives, and can be detrimental to their reliability.
Gas turbine materials have developed rapidly beyond the conventional ferrous alloys consisting of steels and stainless steels of various compositions. Several nickel and cobalt base alloys have been developed and have been used widely in the hot section of gas turbines in order to meet complex high temperature corrosion phenomena. Chromium additions have been used and they contribute to an improvement in high temperature strength and oxidation resistance. Protective coatings have been used to enhance superalloy resistance to hot erosion-corrosion. Some of the most widely used coatings are diffusion coatings, overlay coatings, plasma sprayed coatings and ion implantation coatings. Chromium, platinum, radium and silicon additions have been used in order to improve the erosion-corrosion resistance of the coatings.
Although physical, chemical and mechanical properties of turbine alloys and coatings are documented satisfactorily, there is insufficient data about their rebound and erosion behavior, especially at high temperatures. Therefore [Shanov, Tabakoff and Metwally (1992) , and Shanov, Tabakoff and Hamed (1994) (1) and (2). The first term on the right hand side of equations (1) Under the particulate flow conditions in turbomachines, the effects of the forces due to gravity and interparticle interactions are negligible, compared to those due to the aerodynamic and centrifugal forces. The force of interaction between the two phases is dominated by the drag due to the relative velocity between the solid particles and the gas flow. The force of interaction per unit mass of solid particles is given by 4pp d (4) where V and Vp are the gas and particle velocities relative to the blade, Vr, V0, Vz, represent the relative gas velocity components in the radial, circumferential and axial directions, respectively, and /9, pp are the gas and solid particle material densities, d the particle diameter, and CD the particle drag coefficient. This coefficient is dependent on the Reynolds number, which is based on the relative velocity between the particle and the gas. The empirical relations used to fit the drag curve over a wide range of Reynolds numbers were discussed by Tabakoff and Hamed (1986) . and surface materials. The particle rebounding conditions are determined from empirical correlations based on the experimental measurements of the particle impact and rebound velocities, V1 and V2 correspondingly near the metal surface using Laser Doppler Velocimetry. The LDV measurements are obtained near the material samples set at various angles relative to the particle laden flow in a special tunnel described by Tabakoff [1992] .
The restitution ratios were found to be mainly dependent upon the impingement angle [Tabakoff and Malak (1985) ] for a given particle-material combination.
The following empirical correlations were obtained for mean value of fly ash particles restitution parameters in terms of the impingement angle [Tabakoff (19908) ]. (6) where VT and VN are the tangential and the normal velocity components, and/31 particle impingement angles.
For Rhodium Platinum Aluminide Coating
Particle Trajectories
The particle trajectory calculations consist of the numerical integration of the equations (1)-(3) in the flow field, up to the point of blade, hub, or tip impact. The magnitude and direction of particle rebounding velocity after these impacts are dependent on the impacting conditions and the particle 5.5885,10-6/.
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The particle trajectory after each blade impact and the particle distribution over the blade row are influenced by the rebound correlations and the local turbine blade geometry as reported by Hussein and Tabakoff (1973) . The blade airfoil, hub and casing geometry must therefore be accurately represented in the trajectory analysis as it strongly influences the predicted particle dynamics. [Katsanis (1965) and (1977)].
Blade Erosion Model
The erosion model consists of a semi-empirical equation [Tabakoff (1984) ] in which the values of the constants are determined from the experimental measurements.
(Vl
In the above equation, the erosion mass parameter, , represents the ratio of the eroded mass of target material to the mass of impinging particles; V1 and /31 represent the impact velocity (m/s) and impact angle (degree) respectively, and eT and eN are the tangential and normal restitution ratios given by equations (5) and (6) for M246 and by equations (7) and (8) [Tabakoff et al. (1990b) ]. (9) with the results of the particle trajectory calculations. The latter provides the impact velocities, impingement angles and impact locations for a large number of particle trajectories.
CALCULATION PROCEDURE
Two separate computer codes are used, one for calculating particle trajectories in the blade passages and another for predicting the blade erosion. The output of the particle trajectory code consists BLADE DETERIORATION GAS TURBINE ENGINE 237 of three files. The first file provides the input for particle trajectory plots. The second file contains all particle exit conditions from a given blade row. It is used as input to provide the initial conditions for the particle trajectories in the following blade row. The data are first adapted to a new frame of reference, which is fixed in each blade row. The third file contains all computed particle impact data, including the impact locations, the impact velocity, and impingement angle relative to the blade surface.
The code for blade surface erosion computations uses as input the third particle trajectory output file containing the blade impact data. The appropriate empirical equations for the blade material erosion and the blade surface geometry are also needed in the blade erosion simulations. The output from this program includes the blade erosion pattern, as well as the distribution of the impact velocity, impingement angles, and the frequency of particle blade surface impacts, over the blade pressure and suction surfaces.
RESULTS AND DISCUSSION
The particle trajectory and blade erosion analysis were carried out through an industrial axial flow turbine. The blade impact data from the trajectories of 5,000 ingested 15 gm particles were used to obtain the erosion results. The trajectories were simulated in the gas turbine of standard inlet air equivalent conditions at 10,000rpm and 50kg/s weight flow. At the turbine inlet the particles were assumed to enter axially at the same velocity as the gas, and they were distributed in proportion to the mass flux, using random number generators.
Typical particle trajectories for MAR-M246 blade material and blade erosion patterns are presented for the same blade material with and without RT22B (rhodium platinum aluminide) coating. In addition, the particle blade impact data that influence erosion, including the impact frequency, impact velocity, and impingement angle distribution over the blade, are presented to gain insight into the blade erosion phenomena.
Particle Trajectories
The particle trajectories were computed for both coated and uncoated blades, but no significant differences were observed between the two cases.
Particle Impact Locations
The particle impact locations on the blade suction and pressure surfaces are shown in Figs. 2 and 3 , respectively. Comparing the two figures, one can see that in general the stationary blade pressure surfaces are subjected to many more impacts than the suction surfaces. Figure 2 shows that in the guide vane, the blade pressure surface impacts increase toward the trailing edge with no radial variation in the impact pattern. The stator blade impacts are more evenly distributed over the pressure surface with the exception of a reduced impact zone near the leading edge. The stationary blades suction impacts are seen to be mostly restricted to the zone near the leading edge (Fig. 3) negative incidence angle of the particles at the rotor inlet (Fig. 3 ).
Blade Erosion
The blade erosion prediction is based on the particle computed impact data as determined from Figure 4 shows the distributions of the predicted stator and rotor pressure surfaces impact frequency, impact velocity and impact angles. The surface impact frequency is defined as the number of particle impacts per unit area of the blade surface per unit mass ingested particles (gin/cruZ). Variation of the erosion rate with the impact angle for the ion nitrided substrates used in this study is shown in Fig. 8 . The erosion rates for both specimens pass through a maximum at 30 impact
The presented results provide a detailed description of particle trajectories and blade surface erosion pattern through an expander turbine for both coated and uncoated blades. The results of particle trajectory computations show no significant variation in the computed three-dimensional trajectories for coated and uncoated blades, which indicates the insignificant effect of coating on the particle dynamics through the turbine blade rows. The blade surface erosion results show that the rotor represents the most critical blade row erosion. In the stator blade, the maximum erosion is at the trailing edge near the hub. The maximum erosion at the outmost radial locations and the erosion pattern is quite similar to the impact frequency distribution over the blade surfaces. The coating has a very strong effect on the erosion levels. The maximum erosion rates for the coated blade rows are, at least, one order of magnitude less than the uncoated ones, since the coated blade life will be one order of magnitude longer. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
